Introduction
Many types of plasmas have been developed as excitation sources for elemental analysis over many years. One of the most important sources is the inductively coupled plasma (ICP). Nevertheless, the ICP has some disadvantages. ICP spectrometers are still very expensive and the operating costs are large because of a large consumption of plasma gas (mostly argon). Recently, several alternatives to ICP systems have been proposed; one of such plasma sources is the microwave induced plasma (MIP). This source has the advantages of low cost, low gas consumption and ease of use. 1 The different types of MIPs, including ones produced by use of the Beenakker cavity, 2-9 the surfatron 3,10 and the microwave plasma torch (MPT) 11 have their low tolerance to the direct and continuous introduction of aqueous samples. Thus, an improvement of the MIP techniques with higher efficiency is necessary instead of conventional solution nebulization methods.
On the other hand, in general, atomic emission spectrometry (AES) is an excellent method for metallic elements. However, the capability of AES for determining non-metals is much less used because non-metals, the most sensitive resonance lines lying in the vacuum ultraviolet spectral region, have higher ionization potentials compared with most metallic elements. From this point of view, a helium plasma, such as an atmospheric-pressure He-MIP for AES, is better suited for the determination of non-metals because the plasma has the highest ionization potential (24.6 eV) of helium and can excite nonmetals such as halogens. Therefore, the high power He-MIP provided sufficient plasma energy to both desolvate and excite/ionize the elemental mass from a directly nebulized sample solution, has been studied. [12] [13] [14] Of the other important methods, a He-MIP as an element selective detector for gas chromatography has been studied. 4, 6, 15, 16 In this work, using an analyte volatilization method by the online chemical conversion of carbonate into carbon dioxide with an adequate acid, we have investigated the analytical performances of low power He-MIP generated in a Beenakker cavity for the determination of carbon in aqueous solutions. The optimization of the experimental parameters and the analytical figures of merit obtained under the optimized conditions are given. After an interference study, the proposed method was applied to the determination of carbon in several water samples.
Experimental

Instrumentation and apparatus
A schematic diagram of the experimental apparatus is shown in Fig. 1 and the major instruments used in this work are listed in Table 1 . A microwave cavity (K in Fig. 1 ) of 93 mm i.d., which TM010 type as described by Beenakker et al., 2 and a gasliquid separator (G in Fig. 1 ) made of borosilicate glass were laboratory-made. A microwave generator (M in Fig. 1 ) was used with a frequency of 2.45 GHz and a maximum forward power of 200 W.
Reagents
As stock standard solutions (1000 mg/l) of carbon, solutions of carbonate ion and hydrogen carbonate ion were used. The former was prepared from sodium carbonate (99.5%, special grade, Wako Pure Chemical Industries, Ltd.) and the latter was done from sodium hydrogen carbonate (99.8%, special grade, Wako Pure Chemical Industries, Ltd.). Solutions of lower concentrations were prepared by appropriate dilutions of the stock solutions immediately before use. As acidification agents, hydrochloric, sulfuric, nitric, perchloric and phosphoric acids (Wako Pure Chemical Industries, Ltd.) were examined. As drying agents (Wako Pure Chemical Industries, Ltd.), anhydrous calcium chloride, magnesium perchlorate and sulfuric acid were studied. All other reagents and solutions used were of analytical-reagent grade or the highest purity available. High-purity water (Milli-Q water) was obtained by passing distilled water through a Milli-Q ion-exchange and membrane filtering system (Millipore, Bedford, MA, USA) with an 18 MΩ cm specific resistivity capability.
The helium (99.99% pure) used in this investigation served in a dual role, being a plasma-sustaining gas for the MIP discharge and a carrier gas for introducing the separated carbon dioxide into the MIP source.
General procedure
A sample solution, containing carbon as carbonate or hydrogen carbonate, and an acid were continuously introduced into a gas-liquid phase separator where the acidification of the carbonate took place by using a peristaltic pump. The generated carbon dioxide was separated from the solution, passed through anhydrous calcium chloride as a desiccant for removing the water vapor and swept into the MIP source by a continuous flow of helium carrier gas. The optimized experimental conditions used are summarized in Table 2 . Some of the optimum operating conditions given in Table 2 will be discussed below.
Results and Discussion
Optimization of the experimental conditions
A univariate search was used to optimize the analytical parameters, e.g., the effects of various operating parameters were examined individually to obtain the maximum signal-tobackground intensity ratio, In/Ib (In, net analyte emission intensity; Ib, background emission intensity) for carbon. The optimized parameters for gas-phase sample introduction are summarized in Table 2 .
Blank solutions
In a preliminary study under the unoptimized experimental conditions, the emission spectra were measured for distilled water and 0.5 M sulfuric acid as blank solutions. As a consequence, the emission spectra of C (I) 193.09 and C (I) 247.86 nm were observed. The emission characteristics of two lines for carbon were investigated.
The emission spectra in the spectral regions (192 -194 and 246 -249 nm) were measured for distilled water (A in Fig. 1 ) and 0.5 M sulfuric acid (B in Fig. 1 ). The obtained results are shown in Fig. 2 . In order to decrease the background emission intensity as much as possible, the removal methods of dissolved carbon dioxide from water (A in Fig. 1 ) and acid medium (B in Table 4 , were the most preferable as blank solutions and used throughout this work.
Effect of water vapor
The original Beenakker cavity does not allow for sufficient desolvation and excitation of the liquid samples introduced using direct and continuous nebulization into the MIP source. The effect of the water vapor entering the plasma, therefore, was also considered, even with the gas-phase sample introduction technique employed in this work. The effect of water vapor was investigated indirectly by using some kinds of desiccants (H in Fig. 1 ) in the determination of carbon at the two analytical lines. The desiccants examined and the results of their effect on the carbon emission intensity are shown in Table  5 . As shown in Table 5 , the use of concentrated sulfuric acid, anhydrous calcium chloride and magnesium perchlorate were relatively effective in removing the water vapor generated along with carbon dioxide. In the absence of a desiccant, the plasma was extinguished due to the excess water vapor. Silica gel as a desiccant was not used, because it was known to absorb carbon dioxide. 18 As a result, anhydrous calcium chloride was the most preferable as a desiccant and used throughout this work.
Effect of the concentration of acid
The concentration of several inorganic acids as acidification agents used in the gas-phase sample introduction method has an important effect on the signal intensities for carbon. The effects of 0.05 -5.0 M of sulfuric acid and 0.1 -5.0 M of hydrochloric, nitric, perchloric and phosphoric acids were examined and optimized by the measurements of the emission intensity and the signal-to-background intensity ratio for carbon. The optimized concentration of acids and the results of their effects on the carbon emission intensity are shown in Table 6 . As a consequence, 5.0 M hydrochloric acid was chosen for subsequent studies in this work.
Analytical calibration graphs and detection limits
Under the optimized operating conditions depicted in In the other methods, when measured by gas chromatography microwave induced plasma atomic emission spectrometry 15 and glow discharge optical emission spectrometry, 19 the detection limits for carbon were reported to be 2.6 pg/s and 10 µg/g, respectively. When measured by gas diffusion/permeation flow-injection analysis, 20 the detection limits for carbonate was reported to be 1 × 10 -3 mol/l.
Effect of diverse elements
The chemical generation and separation of carbon dioxide from the solution can avoid most of the possible interferences, which would affect the determination of carbon in the plasma. However, matrix interferences in the solution may take place in the analyte volatilization procedure itself.
Under the experimental conditions used here, the effect of various other elements or ions on the determination of carbon by He-MIP-AES with the gas-phase sample introduction was examined. The results of the interference study at C (I) 193.09 and 247.86 nm are compiled in Table 7 . The relative intensity is defined in Table 7 as a ratio of the carbon emission intensity obtained in the presence of the foreign element or ion to that obtained when no element or ion was present in the analyte solution. A number of elements and ions interfere with the determination of carbon by the present technique. In particular, the presence of sulfide ion showed significant interference. However, no interference was observed from Ca, K, Rb and halogens, i.e., Br -, Cl -, F -and I -.
Application to the determination of carbon in a water sample
In order to demonstrate that this system is effective for practical analysis, several samples of natural water were analyzed for carbon by He-MIP-AES with gas-phase sample introduction method. The procedure described below was followed for the determination of carbon as carbonates in natural water samples taken inside and near Osaka Prefecture University. The presence of some matrix components of river and seawater samples as shown in Table 7 would be expected to interfere with the determination of carbon by the proposed method. In addition, it is well known that the ratio of carbonate ion and hydrogen carbonate ion in water samples is dependent on the pH. Their dissociation constants (pK) of carbonic acid are 6.35 and 10.33. Because the pH values of river and seawater samples are in a range of 6 -8, in general, hydrogen carbonate ion may predominantly be present in the solutions. 21 Recovery studies, therefore, were made by adding known amounts of carbon by use of the two lines at 193.09 and 247.86 nm. The recovery was calculated by the relative intensity as a ratio of the carbon emission intensity obtained in the sample solutions containing 0.5, 1.0 and 2.0 mg/l for carbon to that obtained in the carbon standard solutions containing 0.5, 1.0 and 2.0 mg/l, respectively. The results are shown in Table 8 . The mean recoveries of the added carbon as hydrogen carbonate were in the range 60.0 -108.3 and 79.9 -112.6% at 193.09 and 247.86 nm, respectively, depending on the sample being measured. Since the recovery of carbon at the 247.86 nm line was found to be more preferable to that at the 193.09 nm line, the 247.86 nm line was used as an analytical one for the determination of carbon in natural water samples. Standard additions method was employed. The results are shown in Table 8 . This proposed method will allow the determination of carbon at low concentrations.
Conclusions
A simple analyte volatilization procedure for atmospheric- pressure helium MIP-AES has been developed, and the obtained results have been presented here, which allows the continuousflow determination of carbon at low concentrations. As well as can be established, this on-line system for the generation of carbon dioxide by the acidification of carbonate and hydrogen carbonate ion has been proposed. Under the optimized experimental conditions, the best attainable detection limits at C (I) 193.09 and C (I) 247.86 nm lines were 7.89 and 8.10 µg/l with linear dynamic ranges of 100 to 10000 and 100 to 20000 µg/l for carbon, respectively. The presence of many diverse elements and ions was found to cause a more or less depressing interference by the proposed technique. However, no interference was observed from the following elements and ions: Ca, K, Rb, Br -, Cl -, F -and I -.
In conclusion, the proposed method has been successfully applied to the determination of carbon in water samples. Table 7 Interference from diverse elements or ions on carbon intensity by He-MIP-AES with gas-phase sample introduction a. Relative to 100 for the emissionm intensity of carbon (1.0 mg/l) alone. 
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